Objective: To determine if spinal cord diffusion tensor imaging indexes correlate with short-term clinical outcome in patients undergoing elective cervical spine surgery for cervical spondylotic myelopathy (CSM). Methods: A prospective consecutive cohort study was performed in patients undergoing elective cervical spine surgery for CSM. After obtaining informed consent, patients with CSM underwent preoperative T2-weighted magnetic resonance imaging and diffusion tensor imaging of the cervical spine. Fractional anisotropy (FA) values at the level of maximum cord compression and at the noncompressed C1-2 level were calculated on axial images. We recorded the modified Japanese Orthopaedic Association (mJOA) scale, Neck Disability Index, and Short Form-36 physical functioning subscale scores for all patients preoperatively and 3 months postoperatively. Statistical analysis was performed to identify correlations between FA and clinical outcome scores. Results: The study included 27 patients (mean age 54.5 years ± 1.9, 12 men). The mean postoperative changes in mJOA scale, Neck Disability Index, and Short Form-36 physical functioning subscale scores were 0.9 ± 0.3, −6.0 ± 1.9, and 3.4 ± 1.9. The mean FA at the level of maximum compression was significantly lower than the mean FA at the C1-2 level (0.5 vs. 0.55, P = 0.01). FA was significantly correlated with change in mJOA scale score (Pearson r = −0.42, P = 0.02). FA was significantly correlated with the preoperative mJOA scale score (Pearson r = 0.65, P < 0.001). Conclusions: Preoperative FA at the level of maximum cord compression significantly correlates with the 3-month change in mJOA scale score among patients with CSM. FA was also significantly associated with preoperative mJOA scale score and is a potential biomarker for spinal cord dysfunction in CSM.
Introduction
The current imaging standard to evaluate patients with cervical spondylotic myelopathy (CSM) is T1-weighted and T2-weighted magnetic resonance imaging (MRI). Although some studies suggest that preoperative T1-weighted or T2-weighted abnormalities are associated with patient outcome after surgery for these conditions, the literature is inconsistent, and outcome prediction remains a challenge.
1, 2, 3, 4, 5, 6 and 7 Furthermore, some patients show clinical signs of myelopathy in the absence of intramedullary MRI T1 or T2 signal abnormalities. The limitations with T1-weighted and T2-weighted MRI point to the need for more specific and sensitive imaging techniques to evaluate patients with CSM.
Diffusion tensor imaging (DTI) quantifies the diffusion of water molecules within tissues, enabling characterization of microstructural alterations in the spinal cord. In patients with spinal cord dysfunction, changes in DTI indexes have been reported in regions of the cord that appear normal on T2-weighted MRI. 8 and 9 Fractional anisotropy (FA), which is a measure of directional asymmetry of the diffusion of water molecules, is commonly used to evaluate spinal cord architecture.
10 FA has been used to evaluate cervical cord damage in patients with CSM 8, 9, 11, 12, 13 and 14 and shows marked changes at the level of maximum cord compression. Although some authors have demonstrated a correlation between FA and preoperative clinical status, 11 and 15 there is limited literature on the association between DTI indexes and clinical outcome after surgery for CSM. 15 The purpose of this study was to determine if DTI indexes correlate with short-term clinical outcome in patients undergoing elective cervical spine surgery for CSM. We hypothesized that FA was associated with changes in clinical measures of the symptoms of myelopathy (using the modified Japanese Orthopaedic Association [mJOA] scale) before surgery and at follow-up 3 months after surgery. We also evaluated correlations between FA and preoperative clinical mJOA scale scores.
Materials and Methods

Patient Characteristics and Study Design
We performed a prospective, consecutive cohort study of DTI and clinical outcome in patients undergoing elective cervical spine surgery for CSM. Patients were enrolled consecutively from March 2010 through December 2012. The presence of myelopathy was defined by the treating surgeon and included ≥1 of the following symptoms: hyperreflexia, clonus, clumsy hands, Hoffmann or Babinski reflexes, bowel/bladder dysfunction, and gait dysfunction. Exclusion criteria were prior cervical spine surgery, a nondegenerative diagnosis, comorbid diseases such as multiple sclerosis or rheumatoid arthritis, and central cord syndrome.
All patients provided informed consent before enrolling in the study, and a cash incentive was provided for participation in this study. Demographic, surgical, imaging, and outcomes data were collected for all patients. Before surgery, all patients were scored for myelopathy using the mJOA scale. All patients also filled out the Neck Disability Index (NDI) and Short Form-36 (SF-36) health survey. Patients underwent T2-weighted MRI and DTI of the cervical spine before surgery. Surgeries were performed at a single academic center by 5 board-certified, fellowship-trained spinal neurosurgeons. The mJOA scale, NDI, and SF-36 surveys were obtained at 3-month followup. This study was approved by our institutional review board.
Clinical Outcome
Clinical outcome measures were calculated as the change in mJOA scale, NDI, and SF-36 physical functioning subscale scores at 3 months after surgery compared with the preoperative scores (3-month postoperative score minus the preoperative score). Primary outcome was defined as the change in mJOA scale score, whereas secondary outcomes were defined as the changes in NDI and the SF-36 physical functioning subscale score. granted for this version to appear in e-Publications@Marquette. Elsevier B.V. does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier B.V.
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Imaging T2-Weighted MRI A 1.5T MRI scanner (Signa Excite; GE Healthcare, Milwaukee, Wisconsin, USA) with a CTL spine coil (GE Healthcare) was used to obtain images of the cervical spinal cord in all subjects. T2-weighted sagittal MRI was used to identify the level of maximum cord compression in patients with CSM. The presence of intramedullary T2-weighted hyperintensities at the level of maximum compression was noted on sagittal MRI in each patient with CSM. 
Image Processing
Geometric distortions associated with susceptibility variations, eddy currents, and subject motion were corrected using a Fourier transform-based affine registration of the diffusion-weighted images to the T2-weighted images. Analysis of Functional NeuroImages processing suite (available at http://afni.nimh.nih.gov/afni) was used to process the, and the eigenvalues of the diffusion tensor for each voxel were identified. A nonlinear constrained tensor-fitting algorithm was used to compute DTI metrics, and a gradient descent method was used for optimization. We calculated the FA (defined by Pierpaoli and Basser 16 ) using the measured eigenvalues. granted for this version to appear in e-Publications@Marquette. Elsevier B.V. does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier B.V.
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Regions of Interest
Axial FA maps at the level of maximum compression and at the noncompressed C1-2 level were selected for analysis ( Figure 1 ). Custom software written in MATLAB (MathWorks, Natick, Massachusetts, USA) was used to draw regions of interest on FA maps. Regions of interest were drawn manually to include the whole cord, excluding at least 2 voxels at the edge of the cord, minimizing the risk of partial volume effects caused by cerebrospinal fluid. World Neurosurgery, Vol 97 (January 2017): pg. 489-494. DOI. This article is © Elsevier B.V. and permission has been granted for this version to appear in e-Publications@Marquette. Elsevier B.V. does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier B.V.
Statistical Analysis
We used Pearson correlation to evaluate correlations between DTI metrics and the primary and secondary outcomes as well as the preoperative clinical scores. The level of significance was set as P < 0.05. All data were analyzed using IBM SPSS statistics for Windows 20.0 (IBM Corporation, Armonk, New York, USA).
Results
For this study, 28 patients with CSM were recruited. Follow-up data at 3 months was available for 27 of 28 patients (96%), who formed the study group. Demographic and clinical data for the 27 patients with CSM are shown in Table 1 . The mean age was 54.5 years, and most subjects were women (66%). Slightly more than half of the subjects reported duration of symptoms of >12 months. Patients most often underwent surgery from a posterior approach (59%). The most common level of maximum compression was C5-6 (52%). T2-weighted hyperintensity was noted in 48% of patients with CSM at the level of maximum compression. The mean FA at the level of maximum compression was 0.5 ± 0.01, whereas the mean FA at the C1-2 level was 0.55 ± 0.01. The mean FA at the level of maximum compression was significantly lower than the FA at the C1-2 level (P = 0.01). accessed by following the link in the citation at the bottom of the page.
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At the level of maximum compression, the mean FA was significantly lower in patients with intramedullary T2-weighted signal change compared with patients without this finding (0.46 vs. 0.55, P = 0.001). At the C1-2, noncompressed level, there was no significant difference between the 2 groups (0.55 vs. 0.56, P = 0.57). The preoperative mJOA scale score was significantly lower in patients with intramedullary T2-weighted signal change compared with patients without T2-weighted signal change (12.9 vs. 14.5, P = 0.03).
Clinical Outcome at 3 Months After Surgery
At 3 months after surgery, mJOA scale scores improved by an average of 0.9 points. Disability as reported on the NDI decreased by an average of 6.0 points, and SF-36 physical functioning subscale score improved by an average of 3.4 points ( Table 2) . SF-36 PF score 35.0 ± 2.0 38.5 ± 2.0 3.4 ± 1.9 Scores are presented as mean ± SE. mJOA, modified Japanese Orthopaedic Association; NDI, Neck Disability Index; SF-36 PF, Short Form-36 physical functioning subscale.
Correlation Between DTI Metrics and Clinical Outcomes at 3 Months in 27 Patients
FA at the level of maximum cord compression was significantly correlated with change in mJOA scale score at 3 months after surgery (Pearson r = −0.42, P = 0.02) ( Figure 2 ) but was not significantly correlated with secondary outcomes (NDI, SF-36 physical functioning subscale) (Table 3 ). FA at C1-2 did not correlate with either the change in mJOA scale score at 3 months (r = 0.13, P = 0.51) or the change in other secondary outcomes-NDI (r = 0.15, P = 0.43) and SF-36 physical functioning subscale (r = −0.16, P = 0.4). 
Correlation Between DTI Metrics and Preoperative Clinical Status in 27 Patients
FA at the level of maximum cord compression was significantly correlated with the preoperative mJOA scale score (Pearson r = 0.65, P < 0.001) ( Figure 3) but not with the NDI or SF-36 physical functioning subscale score. FA at C1-2 did not correlate with the preoperative mJOA scale score (r = −0.16, P = 0.4). 
Discussion
The present study demonstrates a significant correlation of FA with short-term clinical outcome (mJOA scale) after decompressive surgery for CSM. In addition, FA in patients with CSM correlated with preoperative clinical scores, suggesting that FA may be a marker of clinical severity in CSM.
In contrast to conventional MRI, DTI produces quantitative parameters that can be used to predict clinical outcome after decompressive surgery for CSM. Jones et al. 15 showed that FA at the level of cord compression was predictive of postoperative NDI at a mean follow-up of approximately 6 months. In the present study, FA at the level of maximum cord compression was correlated with the change in mJOA scale score at 3-month follow-up. Preoperatively, a lower DTI FA was associated with a worse mJOA scale score. At 3 months after surgery, a lower preoperative FA was predictive of a greater improvement in mJOA scale score. Future studies should evaluate the change in DTI parameters after surgical decompression of CSM, as DTI may have utility in predicting neurologic recovery in patients with CSM. To study the predictive value of DTI further, we are also continuing to follow these patients over time. accessed by following the link in the citation at the bottom of the page.
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Cord compression in CSM results in gliosis, demyelination, and axonal injury 17 that disrupt intracellular and intercellular barriers, producing changes in the diffusion of water molecules. These microstructural changes may be the basis for the changes observed in DTI measurements. FA, which is higher in intact, parallel axons, was consistently decreased at the level of cord compression in patients with CSM. 8, 11, 15, 18, 19 and 20 The lower FA at the level of maximum compression compared with the rostral noncompressed area is indicative of the microstructural changes created by cord compression. Additionally, FA was able to distinguish patients with myelomalacia, as demonstrated by the lower FA values in patients with intramedullary T2-weighted signal change.
NDI, which measures patient disability caused by neck pain, was not significantly correlated with DTI FA; this may be due in part to the design of the survey. The mJOA scale is a disease-specific outcome measure for CSM, and the significant correlation between FA and mJOA scale score suggests that FA may be a better marker for myelopathy than neck pain and disability related to neck pain.
Our findings suggest that DTI of the cervical spinal cord is a potential biomarker for spinal cord dysfunction in patients with CSM. Similar to Jones et al., 15 we found that the FA at the level of cord compression was associated with the preoperative mJOA scale score. Budzik et al. 11 showed that the FA at the level of maximum cord compression correlated with upper and lower limb function as measured by the Japanese Orthopaedic Association Cervical Myelopathy Evaluation Questionnaire. These findings indicate that DTI may provide information to supplement conventional MRI findings in CSM. Also, FA could probably define structure-function relationships in patients with CSM, as has been described in patients with spinal cord injury. 21 Future studies will investigate the association between cervical cord DTI metrics and neurophysiologic function in patients with CSM. This study is limited by a small number of patients evaluated in a single tertiary care academic center. Although this study focuses on short-term clinical outcomes, it adds to the limited prospective data available on the predictive value of DTI for surgical outcomes in cervical spondylotic myelopathy. With longer follow-up, we are likely to accessed by following the link in the citation at the bottom of the page.
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see further improvements in the clinical and functional scores, and it is possible that we could find stronger clinical correlates for DTI metrics. Our evaluation of patients with mild myelopathy may have been affected by small changes in mJOA scale scores as a result of the ceiling effect 22 as well as the limited sensitivity of the mJOA scale in milder levels of myelopathy. 23 Most patients (81%) in this study had mJOA scale scores ≥12. Future studies could perform subgroup analysis based on the severity of myelopathy and possibly the presence of T2-weighted hyperintensity. A larger sample size would allow better analysis of the relationship between DTI indexes and outcome, taking into account patient characteristics and surgical approach. Although FA was sensitive to cord damage in patients with mild to moderate CSM, future studies would benefit from including patients with CSM who had more severe myelopathy. Performing DTI of the spinal cord postoperatively remains a challenge in patients with CSM because spinal instrumentation produces considerable artifacts within the diffusion images. One mechanism to overcome this difficulty would be to determine whether DTI indexes in the high cervical spinal cord (C1-2) reflect the microstructural alterations at the level of maximum stenosis, as seems to be the case in patients with spinal cord injury. 24 Although there is a need for long-term follow-up data and studies with larger sample sizes, the present study provides a preliminary insight into the possibility of using DTI as a noninvasive biomarker to predict postoperative outcomes. We believe this study will add to the limited literature available on this topic, and we encourage surgeons to further evaluate this technique.
Conclusions
DTI FA measured before surgery was significantly correlated with the 3-month change in mJOA scale score among patients with CSM. DTI FA was also significantly associated with preoperative mJOA scale score and is a potential biomarker for spinal cord dysfunction in patients with CSM. 
